Quantum repeaters free of polarization disturbance and phase noise 
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Original quantum repeater protocols based on single-photon interference suffer from phase noise of the chan- 
nel, which makes the long-distance quantum communication infeasible. Fortunately, two-photon interference 
type quantum repeaters can be immune to phase noise of the channel. However, this type quantum repeaters 
may still suffer from polarization disturbance of the channel. Here we propose a quantum repeaters protocol 
which is free of polarization disturbance of the channel based on the invariance of the anti-symmetric Bell state 
= (|//)|V>-|V)|//»/V2 under collective noise. Our protocol is also immune to phase noise with the Sagnac 
interferometer configuration. Through single-atom cavity-QED technology and linear optics, this scheme can 
be implemented easily. 



PACS numbers: 03.67.Hk, 03.67.Pp, 42.50.-p 



I. INTRODUCTION 

Many applications of quantum communication, such as 
quantum cryptography IH rely on distributing quantum 
states between two distant peers, called Alice and Bob. How- 
ever, the real-life channel will inevitably absorb or add noises 
to the information carriers (flying photons), which makes the 
efficiency of distributing quantum states decrease exponen- 
tially with the length of channel. To implement long-distance 
1000A:m) quantum communication, this efficiency should 
scale polynomially with the length of channel. With the 
help of quantum repeaters one can implement long dis- 
tance quantum communication in principle. The basic ideas 
of quantum repeaters are: 1) dividing the transmission chan- 
nel between Alice and Bob into many short segments and 
distributing entangled-states between the neighboring nodes, 
each of which can be regarded as individual quantum-memory 
units, 2) through entanglement swapping and purification 
iHEtl, the range of entanglement could be extended, 3) finally 
entangled-states are distributed between Alice and Bob. 

The physical implementations of quantum repeaters can be 
based on single atom trapped in cavity Jll Htl or atomic en- 
sembles with linear optics (DLCZ) Ml. For the experimental 
progresses, one can see Refs. (HI [ij, [Tel [TtI [Tsj [TqI |20|l . 
Most of quantum repeaters protocols utilize the same topo- 
logical structure as DLCZ's. Suppose we have two neigh- 
boring but distant quantum memories L and R which can be 
atomic ensembles as in the original DLCZ scheme or single 
atom trapped in cavity or some other quantum memories used 
in |9, 10]. L and R are both simultaneously illuminated by a 
pumping laser, and then with a small probability L or R will 
jump to another quantum state and emit one photon to the 
channel. The path information of the single photon emitted 
from Loi R will be erased and then this single-photon enters 
the detector at the middle point. Now L and R will be entan- 
gled. This heralded entanglement generation is also a built-in 
entanglement purification process |6]. The lower the probabil- 
ity of photon emission is, the higher the fidelity of the resulted 
entangled-states is. However this is also a single-photon inter- 



ference process which is sensitive to the phase drift due to un- 
known length drift between the path from the L to the middle 
point and the path from R to the middle point. Since the ele- 
mentary entanglement generation and entanglement swapping 
are all probabilistic, one must keep this phase constant over a 
very long time. In fact this demand is beyond modern tech- 
nology. One can see Refs. ifTTiH^ for the detailed analysis of 
the phase stability problem of DLCZ. 

To overcome phase instability, Refs. ifTTl [T2I1 proposed 
a new quantum repeaters architecture based on two-photon 
Hong-Ou-Mandel-type 1I21I1 interference. Unlike the origi- 
nal DLCZ-type quantum repeaters which need to keep the 
drift of arms of the long distance interferometer below the 
wave-length scale, this new architecture only requires us to 
keep this drift below the coherence-length scale of the flying 
photons, which greatly facilitates the implementation of the 
long-distance quantum repeaters. Another choice is to use the 
Sagnac interferometer configuration. With the help of the op- 
tical switches, the pumping pulse to the L should be reflected 
by a mirror in the R before the excitation process, and sim- 
ilarly, the pumping pulse to the R should be reflected by an 
mirror in the L before the excitation process. With the Sagnac 
interferometer configuration, the single-photon from the L and 
R will have the same path-length if the length drift of the chan- 
nel is negligible during the travel time of the flying photons in 
the channel. And in the Ref II22I1 . it has been proved that one 
can obtain high enough interference visibility even the fiber 
length up to 15km with the Sagnac interferometer configura- 
tion. 

However, the above two solutions to the phase instability 
of DLCZ-type quantum repeaters still suffer from the polar- 
ization disturbance of the channel. For the two-photon Hong- 
Ou-Mandel-type interference quantum repeaters proposed by 
Refs. 1 11, 12], the polarization disturbance of the channel 
may introduce eiTor in the elementary entanglement gener- 
ation step. Suppose the channel between L and the mid- 
dle point maps the horizontal polarization state \H} to the 
\F) = (\H) + \V))/ V2 and the vertical polarization state \V} 
to the \S} = QH) - |y))/V2, then the type-I Befl-States- 
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Measurement (BSM-I) performed at the middle point can- 
not distinguish the error case of both the two ensembles of 
L emitting one photon from the correct case. This may be an 
extreme case, since the channel disturbance should not intro- 
duce such a big change of polarization. But we can conclude 
that the polarization disturbance indeed introduces errors to 
this quantum repeaters proposal. For the Sagnac interferom- 
eter method, the different polarization disturbances between 
the two channels from L and R to the middle point obviously 
lower the interference visibility. Of course, polarization con- 
trollers may be used to alleviate the polarization disturbance, 
as demonstrated in the experiment of the Ref. 12211 . But for 
the real-life quantum repeaters the application of polarization 
controllers will make the system more complicated and this 
method cannot eliminate some polarization disturbances due 
to rapid vibrations of the fiber channel. 

Here, in this article we propose a new quantum repeaters 
architecture that utilizes the invariance of the anti-symmetric 
Bell state \>p-) = (|//>|y> - |y)|i/))/ "V^ under collective noise. 
In fact, when the coherence time of photons is larger than 
the delay time resulting from the polarization mode disper- 
sion, the polarization disturbance can be treated as an unitary 
transformation only acting on polarization space ll23il24ll . Our 
scheme is totally free of polarization disturbance of the chan- 
nel. Through Sagnac interferometer configuration, the phase 
stability can be also achieved if the distance between neigh- 
boring nodes is not too long. Though topological structure of 
our scheme is similar to those in the Refs. lfTu[T2ll . the physi- 
cal implementation should not be atomic ensembles, since one 
ensemble may emit two or more photons. The single photon 
source type quantum memory, such as single atom trapped in 
cavity may be appropriate for our scheme. The detailed dis- 
cussion of our scheme will be given in section II and a con- 
clusion will be given in section III. 



II. ARCHITECTURE 

The basic architecture for distributing entanglement for 
neighboring nodes of our scheme is shown in Fig. 1. 




FIG. 1: BS: 50:50 beam-splitter; Dl and D2 represent two single 
photon detectors respectively; FM: Faraday mirror; F_M: phase mod- 
ulator; PBS: polarization beam-splitter which transmits horizontal 
polarized photons and reflects vertical polarized photons 

As in Fig. 1., Alice and Bob are two neighboring nodes. 



The memory units Li, L2 , R\ and R2 should be some single- 
photon source type quantum-memories, such as a single three- 
level atom trapped in a cavity shown in Fig. 1 . Initially, the 
four three-level atoms, each in the L\, L2 , R\ and R2 respec- 
tively, are all in the ground state \g). We simultaneously pump 
the four atoms and with a small probability p, one of these 
four atoms emits Stokes photon with frequency 
In fact the pumping laser for the quantum memories L\, L2 
must be reflected by a mirror in R before the pumping process 
and so does the pumping laser for Ri and R2. For simplicity, 
we do not draw this Sagnac interferometer configuration in 
Fig. I . We only concern the case that the two single-photon 
detectors have two clicks. With probability p^, two of the four 
atoms emit one photon respectively, and this could be given in 
the operators form: 

m ^(1+ Vp(5l,//i + slvl + slHl + slvl) 

+p(slslAyl+sisiHX 

+ SlslHlHl + Slsl_vlvl 

+ S'lslAvl + Sl/l VlHl) + O(p))\g}u,\0}„ 

(1) 

in which, 5 ' = \s}{g\ means the atomic transition from the 
ground level \g} to the meta-stable level \ s), meanwhile //' and 
represent the creation operators for the horizontal and ver- 
tical polarized photons respectively. Before the photons enter 
the channel, they will pass through the unbalanced interferom- 
eter consisting of two Faraday miiTors and one polarization- 
depended phase modulator in the long arm of the interferom- 
eter. The function of Faraday mirrors is to eliminate the pos- 
sible polarization disturbance of the interferometer i25l l26[l . 
The phase modulator in the long arm of the unbalanced inter- 
ferometer only adds tt phase to the horizontal polarized pho- 
tons and does not change the vertical polarized photons. Only 
concerning the events which may introduce two clicks to the 
detector 1 and detector 2 and assuming the beam-splitter will 
add n/l phase to the reflected photons and won't change the 
transmitting photons, we can deduce that: 



1 , 1 



1 



(2) 

in which, the subscript 1(2) represents the time-bin of the pho- 
tons passing through the long arm and short arm of interfer- 
ometer respectively, which result in the two diff'erent time- 
bins, and subscript L(R) represents the left(right) channel as 
in Fig. 1 . The second term of the right side of the equation 
(2) is just the anti-symmetric li/r") state. From this equation 
we know if the two photons occupy the two different time- 
bins, they will be in the state. Conversely, if the two 
photons occupy the same time-bin 1 or 2, it will not be 
state. According to Ref. [23], polarization disturbance can 
be well approximated by a collective unitary transformation 
as long as the delay between the two time-bins is small com- 
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pared to the variation of disturbance, which has been verified 
by experiment |27]. Therefore through the invariance of \tp^) 
state and erasing the path information, the entanglement can 
be well established. Now we can conclude that if the detector 
1 and detector 2 get one click in each of the two time-bins, we 
can get the entangled-states given by 




SlSlHlyl + SlSlHlVl 



-V H' ) 



2 V2 



^ \D2 2D, 



.(3) 

If we get two clicks in the same detector we obtain (5^ 5^ - 
^\i^]t^l and if one click in each detector -H 
5^^)/ V2 is prepared. 
Meanwhile, events described by Sl^^S^^^Hl^Hj^, 

Sl^Slvlvl, sIsI^hIvI S'IsIvIhI in the equation 
(1) are also probable to click the detectors twice, e.g. both Li 
and Ri both emit horizontal polarized photons. Obviously, 
photons as described by //J//^, V^V^, ^1^1 or ^1^1 cannot 
constitute the ) state. Hence these photon-states suffer 
from random polarization disturbance, and we cannot predict 
the states of these photons after traveling along the two dif- 
ferent channels. Therefore, in this elementary entanglement 
distributing step, we cannot eliminate these errors. Assuming 
we get the first click in detector 1 and the second click in 
detector 2 and neglect dark counts of the detectors, what we 
get will be a mixture given by: 



Plr V2p+^*c + \sg)L,L.{s8\ ® \s8)r,rAs8\ 

V6 

+ \gs}L,L2{gs\ ® \gs}R,R2{gs\ + \sg}LtL2{^^g\ ® \gs}R,R2{gs\ 
+ \gs}L,LAgs\ ® \sg}R,R2{sg\) 

(4) 

in which, pj^« = I*P^)l«<»P1 and |>P+)i« = (SlSl + 

^R^^R )\g}L,L-,RiRj V2. Note that in the above equation we 
have assumed that all error events do not result in any en- 
tanglement between L and R. Obviously this assumption is 
just for simplicity and does not spoil the preciseness in this 
paper, since all error events can be eliminated by the entan- 
glement swapping step. The first item of the above equation 
represents the correct case while the others represent the error 
cases. From the above equation, we know there are many er- 
rors after the first entanglement distributing step. Fortunately, 
all these possible errors can be eliminated with a simple en- 
tanglement swapping step, which is shown in Fig. 2. 

Suppose that we have successfully performed entangle- 
ment distributing between nodes L, A and B, R, which means 
that the L, A and B, R are in the mixture pu^ and pbr re- 
spectively. The entanglement swapping process is same as 



FIG. 2: Dl, D2, D3 and D4 represent four photon-number-resolvable 
detectors respectively; PBS: polarization beam-splitter which trans- 
mits horizontal polarized photons \H) and reflects vertical polarized 
photons \V); RPBS: rotated polarization beam-splitter which trans- 
mits photons with polarization |F) = (\H} + \ V})/ y/l and reflects 
photons photons with polarization |5> = (\H} - \V))/ V2 



those in Refs. [Tll in which we pump the atoms in 
A and B to excite the transition from |s) to |^). From the 
equation (4), the correct case that the L, A are in the state 
\'i'^)u, = (S'lsl + Slsl)\g)L,L2MA2l <2 and the B, R are 

in the state \'V^)br = {S\s\^_ + Slsl)\g)B,B2R,R2l ^ , has 
a probability of 1/9. Note that the A and B are in the same 
location and thus any polarization or phase noise is negligi- 
ble. For this correct case and while only components that will 
induce detectors double clicks are considered, we deduce that 
the successful entanglement swapping process is given by: 



\^')la\^')br ^\i^-^iSlsl+Slsl;){H\vl+Hlv^ 

\g)LR\0)p 

(5) 

in which the subscript 1, 2, 3 and 4 in the photon creations 
operators represent the corresponding modes for the photon 
detectors. According to the above equation, if we have two 
clicks in detector 1 and 2 or 3 and 4, the entanglement swap- 
ping is successful and thus entanglement between L and R 
is established with probability of 1/2. Here we abandon the 

t2 t2 t2 t2 

i/j , , i/4 and , since these events may be introduced 
by error cases in equation (4), which will be discussed in the 
followings. 



Concretely speaking, if one of L, A and B, R is in the correct 
case and the other is in the wrong case, obviously the detectors 
will have only 1 click or 3 clicks. Thus we can distinguish this 
case from the correct case. If both the L, A and B, R are in the 
wrong case, the entanglement swapping process will result in 
the following photons creations given by: 



4 



HlHl ^(Hl + Vl)(H] + Vl) + (Hi + vl)(Hl + V^) 
Hlvl ^(hI + vl){Hl + vl) - (Hi + vl)(Hl + vl) 

+ //p - yf - //f + yf 
vIhI ^(hI + vi)(Hl + y]) - (Hi + vl)(Hl + vl) 

-Hf + Vl^+Hf-Vf 

According to equation (6), obviously neither of these items 
results in h\vI and H'^V!^. Therefore, the two clicks in both 
detectors 1 and 2 or 3 and 4 will project the L and R into the 
desired entangled-state while all the error cases cannot 

be projected into this state. 

Now we can conclude that: as in Fig. 2., when neighboring 
nodes L, A and B, R are entangled respectively, the probabil- 
ity of successful entanglement swapping is i x i = ^, which 
is much smaller than j as in original DLCZ scheme |6]. Al- 
though the decrease of efficiency of entanglement swapping 
will lower the total efficiency, the scalability of our scheme is 
not affected, since the decrease of efficiency can be regarded 
as the inefficiency of the detectors, which is same as DLCZ 
scheme. We also note that in further entanglement swapping 
steps, this efficiency is 5, just same as DLCZ scheme, since all 
errors have been eliminated in the elementary entanglement 
swapping step. 

The further applications of the final entangled state |*I'^)is, 
such as quantum cryptography, is same as original DLCZ 
scheme, since the final entangled state |*P^)lr is equivalent to 
the one in DLCZ. Obviously with two pairs of such entangled 
states, two phase modulators and several optical switches, a 
phase-modulation type quantum key distribution can be im- 
plemented easily. One can see Ref [6] for detailed. 



III. CONCLUSION 



The original DLCZ-type heralded quantum repeaters suf- 
fer from the phase noise and polarization disturbance of the 
channel. The Sagnac interferometer configuration may over- 
come the phase noise when the drift of the channel length is 
not too fast, but still needs feedback polarization controllers. 
The two-photon Hong-Ou-Mandel interference type quantum 
repeaters may be free of phase noise but also vulnerable to the 
polarization disturbance. Thus neither of these solutions can 
overcome the polarization disturbance. 

In this paper, we propose a new quantum repeaters architec- 
ture, which is based on the invariance of anti-symmetric Bell 
state liA") = (\H}\V} - \V)\H))I yfl under collective unitary 
transformation. This new setup can be totally free of polar- 
ization disturbance of channel. With Sagnac interferometer 
configuration, phase noise can be also alleviated. Single pho- 
ton source quantum memory should be adopted for physical 
implementation of this proposal, e.g. single three-level atom 
trapped in high-finesse cavity is a good candidate. With an 
unbalanced Faraday-Michelson interferometer we can project 
the two-photon \H)\V) wave-packet into the li/r") state distin- 
guishable by two very near time-bins. Although the elemen- 
tary entanglement distributing may introduce some errors, the 
following entanglement swapping step can eliminate all pos- 
sible errors. In a word, the final entanglement state can be of 
high fidelity and immune to both polarization and phase dis- 
turbance of the channels. 
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